All measurements of cosmic star formation must assume an initial distribution of stellar masses-the stellar initial mass function-in order to extrapolate from the star-formation rate measured for typically rare, massive stars (of more than eight solar masses) to the total star-formation rate across the full stellar mass spectrum 1 . The shape of the stellar initial mass function in various galaxy populations underpins our understanding of the formation and evolution of galaxies across cosmic time 2 . Classical determinations of the stellar initial mass function in local galaxies are traditionally made at ultraviolet, optical and near-infrared wavelengths, which cannot be probed in dust-obscured galaxies 2,3 , especially distant starbursts, whose apparent star-formation rates are hundreds to thousands of times higher than in the Milky Way, selected at submillimetre (rest-frame far-infrared) wavelengths 4,5 . The 13 C/ 18 O isotope abundance ratio in the cold molecular gaswhich can be probed via the rotational transitions of the 13 CO and C 18 O isotopologues-is a very sensitive index of the stellar initial mass function, with its determination immune to the pernicious effects of dust. Here we report observations of 13 CO and C 18 O emission for a sample of four dust-enshrouded starbursts at redshifts of approximately two to three, and find unambiguous evidence for a top-heavy stellar initial mass function in all of them. A low 13 CO/C 18 O ratio for all our targets-alongside a well tested, detailed chemical evolution model benchmarked on the Milky Way 6 -implies that there are considerably more massive stars in starburst events than in ordinary star-forming spiral galaxies. This can bring these extraordinary starbursts closer to the 'main sequence' of star-forming galaxies 7 , although such main-sequence galaxies may not be immune to changes in initial stellar mass function, depending on their star-formation densities.
O, are released mainly by low-and intermediate-mass stars (those with stellar mass less than eight solar masses, M * < 8M ⊙ ) and massive stars (M * > 8M ⊙ ), respectively 9 , owing to their differing energy barriers in nuclear reactions and evolution of stars 10 . These isotopes then mix with the interstellar medium (ISM) such that the 13 C/ 18 O abundance ratio measured in the ISM becomes a 'fossil' , imprinted by evolutionary history and the stellar initial mass function (IMF) 6 . The abundances of the 13 CO and C
18
O isotopologues in the molecular ISM, whose measurements are immune to the pernicious effects of dust, are therefore a very sensitive index of the IMF in galaxies.
Galaxies in the early Universe, having had much less cosmological time available for prior episodes of evolution, are expected to have simpler star-formation histories than local galaxies. Our sample comprises the strongest carbon monoxide (CO) emitters in the early Universe, selected from the literature (see Methods): four gravitational lensed submillimetre galaxies at redshift z ≈ 2-3, with look-back times exceeding ten billion years.
Using the Atacama Large Millimeter Array (ALMA) telescope, we have robustly (>5σ, where σ is the standard deviation) detected multiple transitions of 13 CO and C 18 O in most of our target galaxies. The J = 3 → 2 lines from galaxy SDP.17b and the J = 5 → 4 lines from galaxy SPT 0103−45 are marginally detected at approximately 4σ levels. But the J = 4 → 3 transitions of SDP.17b are detected at high signal-to-noise ratio, so we can be confident that emission features seen at the expected velocities of the weaker transitions are also real. We also detected 12 CO J = 4 → 3 and J = 5 → 4 for SPT 0125−47 and SPT 0103−45, respectively.
As shown in Fig. 1 , there is a decreasing trend in the ratio of velocityintegrated line intensities, I( 13 CO)/I(C 18 O), with increasing infrared luminosity, L IR (or the apparent star-formation rate traced by massive stars). For all the galaxies in our observed sample (see Methods), the line ratios of I( 13 CO)/I(C 18 O) are close to unity, similar to those found 11, 12 in three nearby ultraluminous infrared galaxies (ULIRGs, Red symbols refer to submillimetre galaxies (SMGs) in our sample. We include I( 13 CO)/I(C 18 O) measurements of the Milky Way, nearby star-forming spiral galaxies, disks, a few resolved nuclei 15 , three local ULIRGs 11 , Arp 220, Mrk 231, and IRAS 13120−5453, and a submillimetre galaxy 13 , SMM J2135−0102 at z ≈ 2.3. The ratios of the Small and Large Magellanic Clouds (SMC and LMC) are averaged from multiple positions 28, 29 . I( 13 CO)/I(C 18 O) in dwarf galaxy IC 10 is reported as a lower limit 30 . . The magnification factors of gravitational lensing in our objects are modest (μ ≈ 5, see Extended Data Table 1) , with the notable exception of the Cloverleaf quasar (μ ≈ 10). It is unlikely that differential lensing could skew the measured I( 13 CO)/I(C 18 O) line ratio away from the value intrinsic to the galaxy, even in cases of much stronger lensing 13 . For differential lensing to operate in this way, the global I( 13 CO) and I(C 18 O) distributions over the galaxies must be very different, which is improbable given that these two isotopologue lines have almost identical excitation requirements and any differences in their distribution are expected to be confined within individual molecular clouds (see Methods). Finally, the isotopologue lines have been observed simultaneously, making the uncertainties from pointing and calibration negligible. Furthermore, it was recently shown that known photo-chemical effects, such as selective photodissociation and fractionation, cannot induce global isotopologue abundances to differ from the intrinsic, IMF-determined, isotopic abundances in star-forming galaxies 6, 12 . We thus conclude that emission in both 13 CO and C
O is optically thin for the bulk of the molecular gas mass in these galaxies. The systematically low I( 13 CO)/I(C 18 O) ratios found in all our high-redshift starbursts-as well as in local ULIRGs-reflect intrinsic isotopologue abundance ratios over galaxy-sized molecular hydrogen reservoirs, that is, I( O abundance ratio in starburst galaxies, compared to local spiral galaxies, galactic disks and dwarf galaxies.
The only plausible basis for such systematic variations of isotopologue abundance ratios over galaxy-sized molecular hydrogen reservoirs is a change of the stellar IMF, which must cause the intrinsic abundances of isotopic elements to deviate substantially from those found in ordinary star-forming systems where the standard IMF prevails. The robustness of this conclusion is made possible by tremendous advances in chemical evolution modelling, which now takes into account up-to-date stellar isotopic yields in dependence on both stellar masses and metallicities, time differentials for their release into the ISM, and the dependence of stars' initial chemical composition on prior galactic evolution. Benchmarked against the rich isotopic datasets of the Milky Way, these models can now follow the chemical evolution of various isotopes and their abundance ratios, uniquely identifying the effects of different IMFs upon them 6 (see Methods). In Fig. 2 , we present chemical evolution models that show how the isotopologue abundance ratios are altered by IMF types, and how they evolve as a function of cosmic time. The models show a massive galaxy that started an intense burst of star formation at z ≈ 3, reached a stellar mass of 10 11 M  one billion years later, ceased forming stars after the burst, then evolved passively to the present day. This represents an extreme case for the evolution of the 13 Letter reSeArCH set by the first generations of metal-poor massive stars, because 13 C is released from its primary and secondary nucleosynthesis channels (see Methods) earlier than 18 O, which is purely a secondary element (see Methods). The ratio drops quickly during the starburst, then slowly increases with time, varying by a factor of 2-3 depending on the adopted IMF and the time interval. The late increase of the ratio is due mostly to the slow but continuous release of O) ratio in submillimetre galaxies with a Kroupa IMF (or similar IMFs; see Table 1 ), that is, with an IMF that can reproduce the ratios found in the Milky Way and in the disks of local spiral galaxies Multiple evidence in the local Universe has shown that the stellar IMF in galaxies with very high star-formation rate densities seems to be biased towards massive stars, such as ultra-compact dwarf galaxies 17 , ULIRGs 18 and progenitors of early-type galaxies 19 . A top-heavy stellar IMF was recently also found in compact stellar associations in the Large Magellanic Cloud [20] [21] [22] , whose high-density star-formation events may closely replicate what happens over galactic scales in distant starbursts. Our results-for the most intensive star-forming systems in the distant Universe, where classical ultraviolet and optical methods cannot be applied-are in line with these findings. We also note that metal-poor dwarf galaxies are likely to have an IMF biased towards low-mass stars, which is predicted by the integrated galaxy-wide IMF theory and is consistent with the results found in dwarf galaxies 23 and the outer regions of disk galaxies, using Hα and ultraviolet observations 24 . An IMF biased towards massive stars implies that the star-formation rates determined for submillimetre galaxies must be considerably reduced, since they are based on extrapolations of observables related to massive stars 1 . Moving from the Kroupa IMF to the Ballero IMF, the relative mass fraction of massive stars increases by a factor of 6-7 (see Table 1 ), meaning that star-formation rates derived from most classical tracers 1 (the L IR , the radio continuum and so on) must decrease by a similar factor. As a result, dusty starburst galaxies probably lie much closer to the so-called 'main sequence' of star-forming galaxies 7 than previously thought. Classical ideas about the evolutionary tracks of galaxies 25 and our understanding of cosmic star-formation history 26 are challenged. Fundamental parameters governing galaxy formation and evolution-star-formation rates, stellar masses, gas-depletion and dust-formation timescales, dust extinction laws, and more 27 -must be re-addressed, exploiting recent advances in stellar physics.
Online content
Any Methods, including any statements of data availability and Nature Research reporting summaries, along with any additional references and Source Data files, are available in the online version of the paper at https://doi.org/10.1038/s41586-018-0196-x. Letter reSeArCH METhods Sample. Our sample comprises the strongest CO emitters in the early Universe, taken from the literature [31] [32] [33] : four strongly lensed submillimetre galaxies at z ≈ 2-3, with look-back times exceeding ten billion years. Two of these galaxies, SPT-S J010312−4538.8 (z = 3.09, also known as SPT 0103−45) and SPT-S J012506−4723.7 (z = 2.51, also known as SPT 0125−47), were selected 32 using the South Pole Telescope at wavelengths λ = 1.4 mm and 2 mm; another, H-ATLAS J090302.9−014127 (z = 2.31, also known as SDP.17b), was discovered using the Herschel Space Observatory 34 at far-infrared wavelengths; the last, H1413+117 (z = 2.56, the 'Cloverleaf ' quasar), was discovered as a result of its rare quadruplespot optical morphology, and was later found to be bright in CO and in the dust continuum 31, 35 . We list the basic characteristics of the sample in Extended Data Table 1 . Observations and data reduction. We have performed simultaneous observations of 13 CO and C
18
O using ALMA in its relatively compact array configurations (C36-1 and C36-2), with two 2-GHz-wide spectral windows in bands 3 and 4. We used the remaining two spectral windows to cover continuum emission. Between 10 min and 30 min were spent on target for each transition. For SDP.17b, we observed both the J = 3 → 2 and J = 4 → 3 transitions of Table 2 .
All the data were calibrated manually using CASA v4.7.1 36 , using standard procedures. We subtracted the continuum using the CASA task, uvcontsub, by fitting a linear slope to the line-free channels. We cleaned the visibility data with a channel width of about 20-30 km s
, using a Briggs weighting with robust = 1.5 to optimize sensitivity. We applied a primary beam correction to all the cleaned data. Our target galaxies are mostly unresolved, or only marginally resolved. We assume that linewidths of To measure velocity-integrated line fluxes and the associated errors, we performed three independent methods: we first fitted one-dimensional Gaussian profiles to the extracted spectra with a fixed linewidth from 12 CO, and fixed the frequency interval between 13 CO and C 18 O, since we can assume confidently that these two lines are emitted from the same excitation component, such that their line centres do not shift relative to one another. Second, we made moment-0 maps and fitted two-dimensional Gaussian profiles, as an independent check of line flux. Third, to better estimate the noise level, we also calculated the theoretical noise using the ALMA sensitivity calculator (https://almascience.eso.org/proposing/ sensitivity-calculator), given the integration time, precipitable water vapour, linewidth and array configuration. The measured line fluxes and properties are listed in Extended Data Table 3 . To be conservative, in Figs. 1 and 2 we adopt the largest error among the results from the three methods in the analysis. Line ratios and optical depths. Conditions of LTE. We first analyse the observed line ratios of where T b is the brightness temperature of the molecular transition, T ex is the excitation temperature, and T bg is the radiation temperature of the background emission field, which is dominated by the cosmic microwave background, following T CMB ≈ 2.73 × (1 + z) K, where z is the redshift. τ line is the optical depth of the given O, under LTE conditions. We also calculated the corresponding H 2 column densities, assuming Galactic abundances 37, 38 . Non-LTE conditions. In Extended Data Fig. 6 , we present non-LTE models derived with a non-LTE radiative transfer code, RADEX 40 , covering the most common n H 2 range-typical values from normal molecular clouds to dense cores. We assume the same abundance ratios as we assumed for the LTE conditions, that is, , as the typical (indeed, at the lower end) linewidth found in ULIRGs and submillimetre galaxies 41 . In Extended Data Fig. 6b and c we overlay the LTE results, for comparison.
For all models, we set the kinetic temperature, T kin , to be 30 K, which is a typical dust temperature for the submillimetre galaxy population 42 , and is also the lower limit of the kinetic temperature of the H 2 gas, as the minimum temperature powered by the cosmic-ray heating for such starburst conditions 43 . Higher T kin would bring the CO energy population towards higher-J transitions, making optical depths even smaller.
Extended Data Fig. 6 shows that, for n H 2 = 10 3 cm −3
, which is a typical value for normal Galactic molecular cloud conditions, only when N H 2 is much greater than 10 26 cm −2
, the line ratio of I( , obtained using X-rays 44 , CO radiative transfer modelling 45 , and dust 42 . This is especially supported by the Cloverleaf quasar, whose X-ray emission has been clearly detected 46 . When the linewidths are broad, these two lines are sometimes blended, which leads to a possible contamination of the C 18 O measurements 12, 47, 48 . In these observations it has been found that HNCO J = 5 → 4 could contribute up to about 30% of the total flux (C
O + HNCO), for the most extreme cases in the local Universe, for example, Arp 220 48 and IRAS 13120−5453 12 . HNCO J = 5 → 4 has a critical density, n crit ≈ 10 6 cm −3 and is regarded as a dense-gas tracer that could be excited in slow-shock regions 49, 50 . The Einstein A coefficient increases as A ∝ (J + 1) 3 , so n crit increases quickly for high-J transitions, such as HNCO J = 15 → 14 (ν rest = 329. . We assume the same abundances measured in Arp 220 47 , and use molecular data from the Leiden Atomic and Molecular Database 51 (LAMBDA). We assume T kin = 30 K to be the representative temperature of the H 2 gas.
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Extended Data Fig. 7a shows that the I(HNCO)/I(C O ratio is expected to be even lower. Even if we take the highest HNCO J = 5 → 4 contamination found in local galaxies, that is, 30%, the corresponding contamination for the high-J C 18 O transitions will be at most 3%, which can be regarded as negligible for the lines in our study. Chemical evolution model. We adopt a single-zone chemical evolution model for our analysis, originally developed to describe the evolution of the Milky Way O in the ISM of galaxies. We use detailed numerical models to solve the classical set of equations of chemical evolution 10, [52] [53] [54] [55] [56] , with the following assumptions:
(1) Gas inflow with primordial chemical composition provides raw material for star formation. The gas is accreted at an exponentially fading rate and the timescale of the process is a free parameter of the model.
(2) Galactic outflows remove both the stellar ejecta and a fraction of the ambient ISM.
(3) Star formation follows the canonical Kennicutt-Schmidt law 57 ; the masses of the newly-formed stars follow the input IMF.
(4) Finite stellar lifetimes for different stars need to be considered (that is, no instantaneous recycling approximation (non-IRA) is adopted) 58 .
(5) Stars release the elements they have synthesized during their lifetime, as well as those already present when they were born that are left unaltered by the nucleosynthesis processes, when they die.
(6) Stellar ejecta are mixed with the ISM homogeneously. The yields adopted account for the dependence of several stellar processes on the initial metallicity of the stars, and have been calibrated with the best fit using the Milky Way data, which are relevant to a range of metallicity and evolution timescales 6 . The time-delay effect is considered in the chemical evolution, namely the differences between the lifetimes of massive stars and low-mass stars 59 . We used an analytical formula for the stellar lifetimes that linearly interpolate stellar lifetime tables 58 . The time lag in producing and releasing primary (those synthesized directly from H and He; that is, C is also synthesized as a primary element) is also considered 52 . These two effects, corroborated by the star-formation history and the IMF adopted, determine the amount of different isotopes released to the ISM on different timescales. In particular, the bulk of 13 C is released later than 12 C, and the bulk of 18 O is released later than 16 O. Chemical evolution models can now follow the evolution of various isotopic ratios, tracing abundance ratios not only between the isotopes of each element 6 , but also between different elements. The most important aspect regarding this work is that such models can now compare the effects of a young starburst (with a regular stellar IMF, for example, the Kroupa IMF) against those due to different stellar IMFs via carefully chosen isotope (and thus isotopologue) ratios. This critical advance was made by no longer assuming instantaneous element enrichment of the ISM by the stars, but incorporating the different timescales of their release into the ISM. It should be noted that these timescales, and the relative delays between the release of various isotopes into the ISM, are set by stellar physics, that is, they are not free parameters. With the Kroupa IMF, only an unphysical combination of star-formation history, that is, for a starburst timescale τ < 10 Myr and a star-formation rate of more than 20,000M ⊙ yr . If mass loss from massive stars is considered, 12 C released from massive stars still accounts for <50% of the total 65, 66 . On the other hand, 13 C is released mainly from low-and intermediate-mass stars largely as a secondary element, because 13 C production needs a pre-existing seed, namely, O, predominantly in the early stages of helium burning 69 . As a secondary element, the 18 O yield relies strongly on the pre-existence of 16 O, so the metallicity in oxygen also plays a major part in producing 18 O. The production of 18 O is biased to more massive stars compared to 13 C which is more biased to low-and intermediate-mass stars. So, the abundance ratio of O, in the same J transition. Moreover, these two lines can be obtained simultaneously using current facilities, owing to the close spacing of their rest frequencies. They have almost identical critical densities and upper energy levels, essentially free from excitation differences. Even for strongly lensed galaxies, it is safe to assume that any differential lensing effect between the two lines is negligible. Code availability. We opt not to make the code used for the chemical evolution modelling publicly available because it is an important asset of the researchers' toolkits. The code for analysing the line ratios and optical depths of 
